The breast cancer susceptibility gene BRCA2 encodes a protein of 3418 amino acids which does not exhibit substantial sequence similarity to any other protein in the public databases. A dot matrix comparison of BRCA2 with itself revealed an eight times repeated motif in the segment of the protein encoded by exon 11. As a preliminary test of the hypothesis that these motifs are functionally significant, we have sequenced exon 11 of BRCA2 in six mammals. An alignment of the predicted protein sequences shows that, overall, the motifs have been conserved while much of the intervening sequences has diverged. These data support the notion that the BRC motifs are important in BRCA2 function. There is, however, considerable interspecies variation within certain motif units, raising the possibility of redundancy and that not all of the repeats are required for the normal function of BRCA2.
INTRODUCTION
In developed countries, approximately one in 10 women will be diagnosed with breast cancer. The large majority of these are thought to be sporadic; however, ∼5% are believed to arise from the inheritance of genes that confer an increased risk of developing the disease. Several genes have been identified that can confer susceptibility to breast cancer. These include BRCA1 (1), BRCA2 (2) and p53 (3) . BRCA2 was localised to chromosome 13q12 by genetic linkage analysis (4) , and the gene itself was identified recently by positional cloning (2) . More than 70 germline mutations have been identified in the BRCA2 gene (2,5-7, M.R. Stratton, unpublished data). These are mostly nonsense or frameshift mutations that result in premature truncation of the BRCA2 protein. Mutations in BRCA2 confer a high risk of early onset female breast cancer and lower risks of male breast cancer, ovarian cancer and probably other cancers including prostate and pancreas.
There are few clues to the biochemical function of the BRCA2 protein. A comparison of the sequence of BRCA2 with the databases identified similarities to a short sequence known as the granin motif (8) . This motif is present in families of proteins known as chromogranins and secretogranins as well as in BRCA1. Granins may be involved in the processing of proteins that are secreted in response to external stimuli and may themselves be cleaved to form bioactive peptides. Whether BRCA1 and/or BRCA2 function as granins, however, remains to be determined. While comparing BRCA2 with other sequences, we also compared it with itself by a dot matrix analysis (9) . This revealed an internal repeat that is found eight times in a segment of the protein encoded by exon 11 of the BRCA2 gene. The presence of these repeats (termed BRC motifs) has been noted independently and reported previously (10) .
Conservation of the motifs within human BRCA2 suggests that this sequence has a biological function. If true, the motifs may also be conserved in the BRCA2 protein in other species. We have tested this hypothesis by comparing the translation of exon 11 of the BRCA2 gene in six mammalian species.
RESULTS

Sequencing the BRC motifs
Two approaches were used to obtain the sequence of BRCA2 exon 11 (including the BRC motifs) in five mammalian species, while the sequence of human BRCA2 was taken from earlier work (2) . The sequence of exon 11 of the mouse BRCA2 gene was obtained from a BAC clone isolated by low stringency hybridisation with fragments of the human BRCA2 gene. Fragments of BAC were cloned at random and those shown to contain fragments of the BRCA2 gene were sequenced (Connor et al., submitted). PCR primers were then designed to the BRC motifs and to regions that were conserved between human and mouse. These were used to amplify fragments of the BRCA2 gene in DNAs from 12 species (as described in Materials and Methods). A sequence showing similarity to human BRCA2 was obtained from green monkey, hamster, pig, dog, cow and chimpanzee. The sequences obtained from chicken, snake, zebra fish, Xenopus laevis, Schizosaccharomyces pombe and Saccharomyces cerevisiae showed no similarity to any BRCA2 sequence. Species-specific PCR primers were designed for green monkey, hamster, pig and dog. These were used in combination with all of the PCR primer pairs used to amplify human BRCA2 exon 11 (R. Wooster and M.R. Stratton, unpublished) to amplify (21) using default parameters and displayed using prettyplot (Wisconsin package, version 8, September 1994, GCG). Residues in any one column that are similar in at least five species are boxed. The repeats used for the alignment in Figure 2 are underlined and numbered. The highly conserved region between repeats 1 and 2 is double underlined. Note that we have not removed the small tandem duplication in the dog sequence (residues 1231-1240) and so repeat 6 is misaligned. The accession numbers for the sequences are Z75664 (dog), Z75665 (hamster), Z75666 (green monkey), Z75667 (pig). The BRC motif is conserved in mammalian species
The percentage identity of the translation of exon 11 of the BRCA2 gene (approximately half of the whole coding sequence) between the six mammals is shown in Table 1 . Overall, the degree of conservation is low, with 58% identity between the 1602 residues of the human and mouse, 54% identity between mouse or hamster and dog and 49% between pig and mouse (over 928 amino acids). Even between closely related species such as human and monkey, and mouse and hamster, amino acid identity is only 93 and 72% respectively. However, an alignment of the sequences from the six mammals studied demonstrates that exon 11 translations can be aligned along their whole lengths and that the degree of conservation is variable (Fig. 1 ). There are a number of short regions of high identity. Some of these regions coincide with BRC motifs, for example BRC1, 2, 3, 4, 7 and 8 ( Fig. 1 ). There are other highly conserved segments, for example amino acids 469-493 (using the numbering of the human sequence in Figure 1 ) that show no similarity to the BRC motifs or anything else reported in the databases. None of the latter are repeated within BRCA2. An alignment of all 46 motifs sequenced (Fig. 2) demonstrates the high degree of interspecies and intraspecies conservation between BRC1, 3, 4, 7 and 8. From this alignment, we have identified a region of 26 amino acids that is conserved in all of the BRC motifs (Fig. 2) which has allowed us to generate a BRC consensus sequence. It is possible to align some residues outside this common region; however, such alignments are not robust, being very sensitive to the parameters used. There are motifs that contain all of the consensus sequence, for example BRC4, while others, for example BRC6, show a considerable divergence from the consensus. In total, 30/46 of the BRC motifs (65%) have 11 or more of the 13 consensus residues while 87% have eight or more of the consensus sequence.
DISCUSSION
The low sequence identities for exon 11 (shown in Table 1 ) suggest that BRCA2 is evolving at a faster rate than most other cancer susceptibility/tumour suppressor genes. For example, there is 98% identity between human and mouse NF1 (11) with 95 and 91% between human and mouse WT1 (12) and Rb1 (13) respectively. A notable exception, however, is BRCA1 which only shows 58% amino acid identity between mouse and human (14) . Therefore, although BRCA1 and BRCA2 do not show substantial sequence similarity, they are similar by virtue of a high rate of evolution, unusual gene structure (both have a large exon 11, refs 1 and 2) and lack of somatic mutations in sporadic cancers Figure 2 . Alignment of conserved sequences common to BRC repeats. The BRCA2 repeat was modelled using the HMMER package (22) and rendered using prettyplot. The residues that were identified as being similar between all of the motifs are shown as white text on a black background. Note that we have removed the small tandem duplication in the dog sequence (residues 1231-1240 which are LNSDSNNSVP). The amino acid sequence is numbered at the top (from 1 to 26) and the motifs are numbered down the left side. A BRC consensus sequence is shown at the bottom of the figure. This is based on the 46 BRC motifs. All positions have been scored for identity only, a single letter shows positions where the residue is present in >60% of the motifs, two letters show positions where both of the residues are present in 30% or more of the motifs, and non-conserved residues are shown by a dash. (15) (16) (17) (18) . Whether one or more of these features relates to a functional congruence remains to be elucidated.
Although the identity for the translation of exon 11 of the BRCA2 gene is low, most of the BRC motifs are highly conserved between the species analysed. This suggests that there has been pressure to maintain the BRC repeats in BRCA2 and, therefore, that they are important in its function. However, from our alignment, BRC6 is much less conserved than BRC1, 2, 3, 4, 7 and 8 (31 and 85% identity between human and mouse BRC6 and BRC7 respectively). Moreover, it has been altered by insertions or deletions such that the length of the motif differs between species. BRC3 and BRC5 also shows less conservation than BRC1, 2, 3 ,4, 7 and 8 (62 and 58% identity respectively between human and mouse BRC3 and BRC5). However, both exhibit a higher level of conservation than the exon 11 translation overall. The data suggests that multiplication of the motif took place prior to the mammalian radiation. For instance, several amino acid residues within motif units (especially in BRC2) are different from the equivalent residues in other units, but are highly conserved in mammalian species. Moreover, the sequences flanking the motifs are not conserved between repeats, but in some cases are conserved across species (for example BRC1 and 4, Fig. 1) .
The PCR products that we derived from non-mammalian DNA did not exhibit any similarity to mammalian BRCA2. This suggests that either BRCA2 is restricted to mammals or that the non-mammalian orthologues of BRCA2 have diverged to such an extent that they cannot be identified by the techniques that we used. However, there is evidence of a weak similarity between the BRC sequence and a Caenorhabditis elegans gene (CET07E3_2, ref. 19) , suggesting that the BRC motif is not restricted to mammals (10) .
There are few clues to the function of the BRC sequences. Truncating germline mutations in the BRCA2 gene that predispose to the development of breast cancer are located throughout the coding region of the gene. In many cases, the mutations leave all the BRC repeats intact, giving little information on the relationship between the motifs and their role in the normal function of BRCA2. The spacing between individual motifs varies from ∼60 to 300 amino acids, but is reasonably well conserved between mammals. Furthermore, there are multiple elements of secondary structure within each motif which may indicate that they form globular domains (10) . However, it is unclear how these may function. Therefore, direct investigation will be necessary to elucidate the biochemical functions of the BRC motifs.
MATERIALS AND METHODS
Total genomic DNA was obtained for green monkey (Ceropithecus aethiops), hamster (Critetulus griseus), pig (Sus scrofa), dog (Canis familiaris), cow, chimpanzee, chicken, snake, zebra fish, X.laevis, S.pombe and S.cerevisiae. PCR primers were designed from a consensus sequence for the human BRC motif. These included primers that were an exact match to the human DNA sequence and degenerate primers based on the BRCA2 protein sequence. The sequences were as follows. Motif forward set 1: pure primer -AAAGCTGTGAAACTGTT and a degenerate set which was an equal mixture of -AA(AG)GCIIIIAA(AG)-CTITT and -AA(AG)GCIIIIAA(AG)TT(AG)TT where I is inosine. Motif forward set 2: pure primer as for set 1 and a degenerate set made with -AA(AG)GCIGTIAA(AG)CTITT and -AA(AG)GCIGTIAA(AG)TT(AG)TT. Motif reverse set: pure primer -TTCCCACTTGCAGTCTGAAA and a mixed set of -TI-CC(GA)CTIGCIGT(CT)TG(GA)AA and -TTICCIGAIGCIGT-(CT)TG(GA)AA. Further sets of primers were designed to a region of BRCA2 that is conserved between human and mouse. These were a pure primer of AGCAAGCAATTTCAAGG and a degenerate set of -TCIAA(AG)CA(AG)TT(TC)GA(AG)GG and -AG(TC)AA(AG)CA(AG)TT(TC)GA(AG)GG. The PCR was performed using each forward primer in conjunction with a relevant reverse primer. The reaction conditions were as described in (20) except for the cycling conditions of the PCR. These were 94_C 1 min X_C for 1 min, 72_C for 1 min, where X was 65_C for the first two cycles and then decreased by 2_C every two cycles until it reached either 55, 49, 45, 39 or 35_C, at which point X remained constant. A further 30 cycles were performed at the final annealing temperature. PCR products were resolved on agarose gels and discrete bands were excised and sequenced using a Taq dideoxy termination protocol (Perkin-Elmer). Sequence products were separated on an ABI377 automated DNA sequencer. All of the sequencing reactions were performed at least twice and on both strands of the template. Species-specific PCR primers were designed to exon 11 of the BRCA2 gene using the above DNA sequence. These were used in conjunction with a set of 52 pairs of PCR primers designed to the human BRCA2 gene to amplify and sequence further segments of exon 11 from the monkey, dog, pig and hamster. A human BRCA2 probe (exon 11) was used to identify a λ clone containing a portion of the mouse BRCA2 gene. This was used to obtain a mouse-specific BRCA2 sequence that was in turn used to design mouse-specific PCR primers. These were used to identify positive clones in a mouse BAC library. Fragments of positive BACs were cloned, at random, and those shown to contain fragments of exon 11 of the BRCA2 gene were sequenced (Connor et al., submitted).
